Abstract: Hydraulic hysteresis, including capillary soil water retention (SWR), air entrapment SWR, and hydraulic conductivity, is a common phenomenon in unsaturated soils. However, the influence of hydraulic hysteresis on suction stress, and subsequently slope stability, is generally ignored. This paper examines the influence of each of these three types of hysteresis on slope stability using an infinite slope stability analysis under steady infiltration conditions. First, hypothetical slopes for representative silty and sandy soils are examined. Then a monitored hillslope in the San Francisco Bay Area, California is assessed, using observed rainfall conditions and measured hydraulic and geotechnical properties of the colluvial soil. Results show that profiles of suction stress and the corresponding factor of safety are generally strongly affected by hydraulic hysteresis. Results suggest that each of the three types of hydraulic hysteresis may play a major role in the occurrence of slope failure, indicating that ignoring hydraulic hysteresis will likely lead to underestimates of failure potential and hence to inaccurate slope stability analysis.
Introduction
Landslides on soil-mantled slopes are commonly triggered by infiltration of rainfall or snowmelt, and can occur even under partially saturated soil conditions (Godt et al. 2009; . The stability of natural hillslopes is mainly controlled by the change of internal stress state in soils, which can be explained by the generalized effective stress theory for both saturated and unsaturated soils (Lu and Likos 2006; Lu et al. 2010) . In this generalized framework, the concept of suction stress was introduced to describe the change of skeleton stress arising from the physicochemical forces and capillarity under variable water content conditions. The suction stress characteristic curve (SSCC) was developed to relate suction stress to the soil water retention curve (SWRC) (Lu and Likos 2006) . This intrinsic relationship between the SSCC and SWRC has been validated with experimental data on residual soils (Oh et al. 2012) , which confirms that the change of the stress state in unsaturated soils can be directly described by soil suction and water content dynamics (Fig. 1) . Therefore the potential for rainfall-induced landslides of soil-mantled slopes can be assessed by combining the generalized effective stress concept and shear strength criteria during infiltration and redistribution of water in soils.
The SWRC influences soil suction and water content dynamics as well as the SSCC, and thus plays a crucial role in assessing slope stability. Partially saturated soils generally exhibit hysteretic SWRCs, with different water retention behavior under wetting and drying conditions. This hydraulic hysteresis includes the effects of both capillarity and air entrapment (e.g., Chen et al. 2014; Sun et al. 2016) . Usually hydraulic hysteresis is ignored in slope stability analyses and instead the initial drying curve (typically derived by draining a fully saturated soil specimen to a very dry state) is used exclusively to describe soil water retention characteristics during infiltration (e.g., Rahardjo et al. 2007; BeVille et al. 2010) . However, natural precipitation is intermittent and variable wetting and drying conditions within a hillslope are common, so realistic assessments of slope stability should account for the effects of a given hydraulic hysteresis (e.g., Likos et al. 2013) . Furthermore, if hysteresis is to be ignored, previous simulation-based efforts suggest that the wetting curve provides a more robust characterization of landslide potential than the drying curve (e.g., Ebel et al. 2010) , but this recommendation has not typically been adopted.
Capillary hysteresis occurs because the nonuniform distribution of pore sizes within a soil affect the hydraulic states differently during wetting and drying, which produces contrasting relations between soil suction and water content depending on the sequence of wetting and drying (e.g., Scott et al. 1983; Kool and Parker 1987) . Hysteresis due to air entrapment is typically induced during wetting conditions in field settings when air becomes trapped within pore spaces and even under zero suction the soil cannot become fully saturated with water (e.g., Stonestrom and Rubin 1989) . Together these two hysteretic effects can substantially influence the hydraulic characteristics and mechanical behaviors of partially saturated soils (e.g., Faybishenko 1995; Seymour 2000; Ma et al. 2013; Chen et al. 2013) . Experimental results also show that even under steady infiltration, hysteretic behavior strongly influences the distribution of soil suction and water content (e.g., Tami et al. 2004) . Furthermore, air entrapment during intermittent wetting and drying can alter the apparent hydraulic conductivity of a soil at zero suction (e.g., Poulovassilis 1970; Sakaguchi et al. 2005) . Whereas the quantitative understanding of how hysteresis from capillary and air entrapment influences the SWRC is well established (e.g., Chen et al. 2014) , there is still considerable uncertainty about the influence of air entrapment on hydraulic conductivity. However, previous research suggests that entrapped air decreases saturated hydraulic conductivity, possibly by one or even two orders of magnitude (e.g., Faybishenko 1995; . Given the considerable potential for influencing variably saturated hillslope hydrologic response, it is important to consider the various effects of hysteresis due to both capillarity and air entrapment when assessing the stability of earthen slopes under realistic rainfall and infiltration conditions (e.g., Chen and Wei 2015) .
Slope stability analysis with the infinite slope method has been widely applied in landslide research and hazard assessments (for a detailed explanation see Lu and Godt 2008) , but hydraulic hysteresis is rarely considered in this approach. Only a few exceptions explicitly represent the influence of hysteresis on slope stability (e.g., Ebel et al. 2010; Ma et al. 2011; Anagnostopoulos et al. 2015) , but these studies assume the saturated water content for soils is the same under both wetting and drying conditions, thus only accounting for the capillary effects on hysteresis and ignoring air entrapment. A comprehensive assessment of hydraulic hysteresis, including both capillary effects and air entrapment, has yet to be considered in the analysis of slope stability. This paper considers both types of hysteresis under steady infiltration conditions to examine their potential influence on landslide hazard assessments with the infinite slope method. A range of scenarios is considered: (1) no hysteresis, (i.e., only the initial drying curve), (2) hysteresis due to capillarity effects without air entrapment, (3) hysteresis due to capillary and air entrapment effects on water retention properties, and (4) hysteresis with capillary effects and the influence of air entrapment on both water retention and hydraulic conductivity. These scenarios are first applied to a hypothetical hillslope with two different representative soils for a variety of possible infiltration rates to explore the individual hysteresis effects based on fundamental theory. A case study is then presented based on a field monitoring site to illustrate how in-situ measurements that account for hysteresis effects can be used to assess the stability of a natural hillslope under observed rainfall conditions.
Framework of Hysteretic Suction Stress and Infinite Slope Stability

SSCC and SWRC
The general effective stress framework developed by Lu and Likos (2006) and Lu et al. (2010) is described briefly here. The effective stress σ 0 can be given as
where σ = total stress (kPa); u a = pore air pressure (kPa); and σ s = suction stress of the soil (kPa), which can be quantified by water content and soil suction.
The closed-form equation for suction stress shown in Eq. (1) is valid for all saturation degrees and unifies the description for phenomena of flow and stress in soils with no need to define the Bishop's effective stress parameter or any new shear strength criterion for unsaturated soil . Furthermore, the framework directly relates the soil water retention and suction stress characteristics.
According to the theoretical framework developed by Likos (2004, 2006) , the suction stress characteristic curve of a soil, σ s , can be defined as
where ψ = soil suction (kPa); S e = effective degree of saturation;
; S = degree of saturation; and S r = residual degree of saturation.
For simplicity, this paper uses the widely known soil water retention model developed by van Genuchten (1980) to describe the relationship between soil suction and water content. In general, any other soil-water retention model could be used instead (e.g., Brooks and Corey 1964; Rossi and Nimmo 1994; Feng and Fredlund 1999) . The nonhysteretic Scenario 1 employs the initial drying curve for both wetting and drying conditions, and the three alternative SWRC Scenarios 2, 3, and 4 employ the same intial drying curve during drying conditions but different SWRCs during wetting conditions (Fig. 1) . Here, based on the soil-water retention model developed by van Genuchten (1980) , an inital drying (ID) curve can be described as 
for the main wetting curve without air entrapment
and for the main wetting curve with air entrapment (MWA)
where S MWA = degree of saturation when a soil is wetting to zero suction state under the free wetting condition (Fig. 1) ; and α, m and n = empirical parameters, such that α d and n d can be obtained by fitting the measured initial drying curve data, α w and n w can be obtained by fitting the measured main wetting curve data ignoring the effect of air entrapment, and α wa and n wa can be obtained by fitting the measured main wetting curve data with the effect of air entrapment. Here, m ¼ 1 − 1=n (van Genuchten 1980).
For an infinite homogeneous slope with saturated hydraulic conductivity k s (m=s) (Fig. 2) , the soil suction profile under steadystate infiltration rate q (m=s) can be given as (e.g., Lu and Griffiths 2004) 
where Z = vertical coordinate (m); and γ w = unit weight of water (KN=m 3 ). The steady-state infiltration rate q can be controlled by the saturated hydraulic conductivity k s . The infiltration rate equals the rainfall intensity when the rainfall intensity is lower than the saturated hydraulic conductivity k s , which means that all the precipitation will infiltrate into the slope. Once the rainfall intensity is higher than the saturated hydraulic conductivity k s , runoff can occur and the infiltration rate equals the saturated hydraulic conductivity k s (e.g., Mein and Larson 1973) .
The suction stress profiles can be obtained under steady-state infiltration conditions by substituting Eqs. (3)- (6) into Eq. (2).
The suction stress profile for the initial drying curve is
and the suction stress profile for the main wetting curve is
The suction stress profile for the main wetting curve including air entrapment is
If the influence of air entrapment on the hydraulic conductivity is considered, the suction stress profile for the main wetting curve and air entrapment can be obtained as
The SWRC and SSCC for a soil with and without the various effects of hydraulic hysteresis are shown in Fig. 1 , where the nonhysteretic soil follows the initial drying curve during both wetting and drying conditions. Examination of Fig. 1 reveals the substantial discrepancies between soil water content and suction stress for soils with and without hysteresis, especially when considering the effect of air entrapment.
Factor of Safety Calculations with Varying Effects of Hydraulic Hysteresis
Combining the generalized effective stress and strength failure criteria, the factor of safety (FOS) for a uniform, infinite slope can be expressed as (Lu and Godt 2008) 
where c 0 (kPa) and ϕ 0 (°) = effective cohesion and friction angle of the soil under a fully saturated state, respectively; β (°) = slope angle; γ (kN=m 3 ) = unit weight of soil; and H ss (m) = depth of sliding surface below the ground surface (Fig. 2) .
Infinite slope stability is a simple and approximate method when the prospective slip surface length L is much larger than the prospective slip surface depth H ss . As pointed out by Iverson (2000) , a practical upper bound for H ss can be identified as the interface of geological stratification, such as colluvial soil and underlying bedrock. Hence the infinite slope stability method is suitable for assessing the stability of colluvial slopes with underlying weathered bedrock (e.g., Rahardjo et al. 1996; Godt et al. 2009 ).
Considering the effect of weathering, mechanical transport, and compaction on the soil layer, the effective friction angle with soil depth can be expresses as (Lu and Godt 2008) 
where ϕ 0 0 (°) = effective friction angle at the ground surface; and Δϕ (°) = range of variation in the friction angle within the weathering zone Z w (m). The weathered soil mantle can thus be incorporated into the infinite slope calculations by substituting Eq. (9) into Eq. (8), and the factor of safety can be expressed as
where H wt (m) = depth of the water table below the ground surface. From Eqs. (10a) and (10b), for a given soil slope, the parameters (c 0 , ϕ 0 0 , β, γ, H wt ) remain constant, whereas suction stress varies under different infiltration rates and this exerts an important influence on the FOS. Given the intrinsic relationship between the SSCC and the SWRC, suction stress and the resulting FOS can be influenced by hydraulic hysteresis. Substituting Eqs. (7a)-(7d) into Eq. (10a) provides the FOS equations for the four scenarios considered: (1) ignoring hydraulic hysteresis (drying curve only), (2) incorporating capillary hysteresis on the SWRC (distinct wetting and drying curves), (3) incorporating hysteresis due to capillarity and air entrapment on SWRC, and (4) considering the effects of air entrapment on SWRC and saturated hydraulic conductivity. The FOS equations for each of these scenarios are outlined here. 1. Using the initial drying curve for soils with and without hysteresis, the FOS can be obtained by Eqs. (10a) and (10b), and the suction stress is given by Eq. (7a). 2. Using the main wetting curve for capillary hysteresis, the FOS can be expressed by combining Eqs. (10a), (10b), and (7b). 3. Using the wetting curve for hysteresis from capillary effects and air entrapment, the FOS can be given by Eqs. (10a), (10b), and (7c).
4. Using the wetting curve for hysteresis due to capillarity and air entrapment, and also incorporating the effect of air entrapment on saturated hydraulic conductivity (usually compared to the saturated hydraulic conductivity without the effect of air entrapment, a lower one can be reached under the effect of air entrapment), the FOS can be obtained by Eqs. (10a), (10b), and (7d).
In the above equations, c 0 and ϕ 0 are the strength parameters, and ϕ 0 can be determined by Eq. (10b); γ, γ w , β, and H wt are the material and geometrical parameters of a slope, seen in Fig. 2 ; q is the infiltration rate; k d s and k w s are the saturated hydraulic conductivity without and with the air entrapment effect, respectively; α w and n w are the main wetting curve parameters; and α wa , n wa , and S MWA are curve parameters for wetting with entrapped air, which can be obtained by subtracting the content of entrapped air from full saturation (i.e., 1.0). The parameters α d , n d , θ s , and θ r can be obtained by fitting the initial drying curve data using Eq. (3) . In what follows, we implement the infinite slope stability analysis using Eqs. (7a)-(7d) and (10a) and (10b) under steady-state infiltration to examine the four scenarios with and without the various effects of hydraulic hysteresis outlined above.
For the present paper the authors assess the stability of an infinite slope under simplified conditions of steady infiltration and unsaturated seepage. Whereas the assumption of steady infiltration is appropriate for assessing slope stability under long-duration precipitation events, this simplification also facilitates the piecewise investigation of the possible compounding effects of individual types of hydraulic hysteresis under more dynamic infiltration. However, the simplified approach proposed here can be readily expanded to assess slope stability under transient infiltration events (Godt et al. 2012 ).
Effects of Hydraulic Hysteresis on Stability of Hypothetical Hillslopes
This paper explores effects of hydraulic hysteresis on slope stability using a hypothetical infinite hillslope (Fig. 2) with two possible soil covers, namely a silty and a sandy soil. For each soil cover the authors applied different steady infiltration rates, representing reasonable subsurface responses to high-intensity and low-intensity storms. This study used representative hydrologic and mechanical properties of the soils, which are given in Tables 1 and 2 ; the material and geometrical parameters of the hillslope are given in Table 3 . The hydrologic parameters of the initial drying curve are typical values from the literature (Lu and Likos 2004) . To obtain values for the main wetting curve parameters, α w ¼ 2α d and n w ¼ n d , this study adopted the parametrization scheme suggested by Kool and Parker (1987) . Typical measured values for the change in saturation of air entrapment, S trap ¼ 1 − S MWA , are in the range of 0.07-0.25 , and this study used S trap values of 0.09 for the sandy soil and 0.15 for the silty soil, which reflects the role of particle size on the ratio of entrapped air. As discussed previously, air entrapment not only affects the saturated water content, but also reduces the apparent hydraulic conductivity of a soil, such that the value at zero suction, k w s , along the wetting curve is lower , which this study adopted for both the sandy and silty soils in the analysis (Tables 1 and 2) .
The soil-water retention curves and suction stress characteristic curves calculated with Eqs. (2)- (5) are shown for the silty and sandy soils in Figs. 1(a and b) , respectively. Examination of Fig. 1 reveals the substantial influence of capillary hysteresis (i.e., main wetting curve) on water retention for both soil types across the entire range of water saturation and particularly for the dryer range of soil suction. In contrast, the impact of air entrapment was moderate in the dry range of soil suction but had a major influence on the degree of water saturation at near-zero soil suctions. Qualitatively, sandy and silty soils exhibited similar trends for hysteretic versus nonhysteretic SWRC and SSCC scenarios, with maximum suction stress values at moderate degrees of saturation and minima at both saturation and very dry water saturation. Additionally, for both soils the capillary and air entrapment effects each lowered the suction stress relative to the nonhysteretic scenario with drying curves only. Quantitatively, the silty soil exhibited much larger suction stress values compared with the sandy soil. Additionally, for all hysteresis scenarios the peak suction stress values occurred when water saturations were below 0.5 for the silty soils and above 0.5 for the sandy soils. Thus the selection of silty and sandy soils provides reasonable end-members for examining hysteretic effects on slope stability assessments.
For the infiltration flux, q (m=s), in Eqs. (7a)-(7d), the authors used several different steady rates to represent reasonable responses to hypothetical storms for the different soil covers. Starting with the silty soil, the authors applied 8.0 × 10 −8 m=s (48 mm=week) represented infiltration response to a moderate-intensity storm and 9.9 × 10 −9 m=s (6 mm=week) represented a low-intensity storm. These infiltration rates were selected to maximize the flux and also avoid exceeding the saturated hydraulic conductivity of the silty soil without the effects of air entrapment for the moderate storm and with the effects of air entrapment for the low intensity storm (Table 1) . Thus for the silty soils this study considered hysteresis Scenarios 1, 2, and 3 using the moderate-intensity storm and Scenarios 1, 2, and 4 using the lower-intensity storm. For the sandy soil, this study used a considerably higher infiltration rate of 4.9 × 10 −7 m=s (302 mm=week) to investigate all four hysteresis scenarios.
The authors accounted for the different hysteresis effects to calculate profiles of suction stress using Eqs. (7a)-(7d), and the corresponding FOS using Eqs. (10a) and (10b), for the hypothetical hillslopes using the different combinations of soil type and storm intensity. These profiles are plotted in terms of distance above the water table in Figs. 3 and 4 for the silty soil and in Fig. 5 for the sandy soil. Fig. 3 shows the results for the moderate-intensity storm with the silty soil, which illustrates how the capillarity and air entrapment effects on soil water retention both lower suction stress and increase the potential for slope failure. Near the ground surface, when hysteresis was ignored in Scenario 1 the suction stress was approximately −4.0 kPa, whereas adding the capillary and air entrapment effects increased suction stresses to −2.2 and −1.8 kPa, respectively [ Fig. 3(a) ]. Furthermore, the results show that for the moderate-intensity storm both the nonhysteretic Scenario 1 and capillary effects Scenario 2 remained stable [ Fig. 3(b) ]. Although adding just the capillary hysteretic effects decreased the FOS, the slope became unstable only when the air entrapment effects on Fig . 3 . Profiles of (a) suction stress; and (b) FOS for the silty soil on the hypothetical hillslope (Fig. 2) under a steady infiltration rate of 8.0 × 10 −8 m=s water retention were considered in Scenario 3. This zone of instability for the moderate storm intensity was confined to a narrow depth range between 1.5 and 2.6 m below land surface [ Fig. 3(b) ], but as illustrated by the suction stress profile [ Fig. 3(a) ] this instability zone occurred under partially saturated conditions. Fig. 4 shows the results for the low-intensity storm with the silty soil, which illustrates how the effects of air entrapment on water retention and hydraulic conductivity significantly increase the potential for slope failure. Compared to the nonhysteretic Scenario 1, incorporating air entrapment in Scenarios 3 and 4 drastically increased the suction stress to −4 kPa and near zero, respectively [ Fig. 4(a) ], which in turn caused substantial decreases in the FOS within the entire silty soil profile [ Fig. 4(b) ]. However, for this lower-intensity storm, incorporating the effects of air entrapment on soil water retention in Scenario 3 was not sufficient to initiate slope failure; only incorporating the effects on hydraulic conductivity in Scenario 4 was sufficient to result in a zone of instability between 0.6 and 4.0 m below the ground surface [ Fig. 4(b) ]. Fig. 5 shows the results for the high-intensity storm with the sandy soil, which incorporated all four scenarios to illustrate the individual effects of hysteresis. For the nonhysteretic Scenario 1 the steady suction stress along the profile of the sandy soil was approximately −1.4 kPa, which increased to −0.7 kPa for Scenario 2, −0.6 kPa for Scenario 3, and near zero for Scenario 4. For Scenario 1 without hysteresis the slope remained stable under the high-intensity rainfall event, but with only capillary effects in Scenario 2 and with the effects of air entrapment on water retention in Scenario 3 the FOS dropped below 1.0 within a narrow zone (0.6-1.8 m) and (0.4-2.1 m) below ground surface, respectively. Because the steady infiltration rate was just below the value of k w s (Table 2) the sandy soil was not fully saturated, even for Scenario 4, but this near-zero suction stress profile [ Fig. 5(a) ] greatly decreased the FOS. Relative to Scenario 3, the introduction of air entrapment effects on hydraulic conductivity in Scenario 4 resulted in a drastic increase in the zone of failure to between (0.1-3.6 m).
Hysteretic Slope Stability Assessments under Field Conditions
Shallow landslides commonly occur in colluvial deposits with sliding surfaces along the interface between soil and the underlying weathered bedrock (e.g., Rahardjo et al. 1996; Godt et al. 2009 ). The Bay Area landslide task (BALT) site in Alameda County, California, was instrumented with sensors to monitor rainfall and soil suction and water content in the variably saturated subsurface (Collins et al. 2012; ). Fig. 6 shows a schematic Fig. 4 . Profiles of (a) suction stress; and (b) FOS for the silty soil on the hypothetical hillslope (Fig. 2) under a steady infiltration rate of 9.9 × 10 −9 m=s Fig. 5 . Profiles of (a) suction stress; and (b) FOS for the sandy soil on the hypothetical hillslope (Fig. 2) under a steady infiltration rate of 4.9 × 10 −7 m=s diagram of the monitored hillslope. The hillslope is grass covered, with a midslope angle of approximately 34°. The slope is mantled by approximately 1 m of a colluvial sand-silt mixture, which originated from the weathering products of the underlying sandstone bedrock . The slope remained stable during the monitoring period through September of 2016. Colluvial soil specimens were collected at various depths within the soil column and laboratory experiments were conducted to estimate the hydromechanical properties . The soil water retention and hydraulic conductivity curves of these specimens were determined with the transient release and imbibitions method (TRIM) (Wayllace and Lu 2012) , and the shear strength parameters were obtained using a modified direct-shear device (Likos et al. 2010) . Results from both field and laboratory experiments indicate that air entrapment has considerable effects on SWRC and saturated hydraulic conductivity within the colluvial soil layer . The hydraulic and mechanical parameters for the monitored hillslope as determined from these previous tests are summarized in Tables 4 and 5 , and the corresponding SWRC and SSCC are shown in Fig. 7 . The effective friction angle of the colluvial soil increased with depth from 28°at 0.2 m, to 38°at 0.62 m below the ground surface ; by extrapolation it is reasonable to assume that the effective friction angle at the ground surface is 20°, and that the range of variation in the effective friction angle is 25°within the 1.0-m-thick colluvial soil. The water table at this location is generally deep within the underlying bedrock, so for the infinite slope stability assessments this study assumed the depth of the water table to be 5 m below the ground surface.
The precipitation recorded at the hillslope in 2012 is shown in Fig. 8 . Despite a few moderate storms in February and October, rainfall occurred mainly between March and April during three major storm events with heavy sustained rainfall (i.e., Storms 1, 2, and 3 in Fig. 8 ). For Storm 1 (March 13-16) the cumulative precipitation was 56.6 mm and the total duration was 84 h, which would correspond to an average infiltration rate of 1.87 × 10 −7 m=s. Similarly, for Storm 2 (March 24-31) and Storm 3 (April 10-13) the average infiltration rates were 1.35 × 10 −7 and 2.52 × 10 −7 m=s, respectively. These rainfall intensities are all less than that of the high-intensity storm used for the sandy soil in the previous analysis for the hypothetical hillslopes, but greater than those of both the moderate and low-intensity storms used for the silty soils. To examine the effects of capillarity and air entrapment on soil water retention [i.e., comparing Scenarios 1 and 3] the authors used the maximum of these three observed intensities (i.e., Storm 3 ¼ 2.52 × 10 −7 m=s). However, when considering the effects of air entrapment on hydraulic conductivities [i.e., Scenario 4] all three observed storm intensities were greater than the saturated hydraulic conductivity during wetting (Table 4) . Therefore the authors also used a lower-intensity storm with a steady infiltration rate of 2.5 × 10 −8 m=s to compare the effects of hysteresis on water retention and hydraulic conductivity [Scenarios 1, 3, and 4] .
Using the same equations as for the hypothetical hillslopes the authors calculated profiles of suction stress ] and FOS [Eqs. (10a) and (7b)] for the monitored hillslope in terms of distance above the water table using the two selected steady infiltration rates for high-intensity and low-intensity storms. shows these results for the high-intensity storm, which illustrates how the effects of air entrapment on soil water retention influences the soil suction and FOS profiles within the 1.0-m-thick colluvial soil and underlying sandstone bedrock. Compared with the results for the nonhysteretic scenario (initial drying curve only), hysteresis caused the suction stress to increase by approximately 2 kPa within the colluvial soil layer. For the hysteretic scenario the minimum FOS within the profile occurred at approximately 4.1 m above the water table (0.9-m depth below the ground surface), which was 0.1 m above the interface between the colluvial soil and sandstone layer. In contrast, the minimum FOS for the nonhysteretic scenario occurred just below the colluvium bedrock interface. Overall Fig. 8 . Observed record of cumulative precipitation and rainfall intensity recorded in 2012 at the field monitoring site Fig. 9 . Depth profiles of (a) suction stress; and (b) FOS for the colluvial soil layer on the monitored hillslope (Fig. 6 ) under a steady infiltration rate of 2.52 × 10 −7 m=s Fig. 10 . Depth profiles of (a) suction stress; and (b) FOS for the colluvial soil layer on the monitored hillslope (Fig. 6 ) under a steady infiltration rate of 2.50 × 10 −8 m=s hysteresis greatly increased the potential for slope failure, for example at the 0.9-m depth the FOS decreased from 1.32 to 1.16 when accounting for hysteresis effects on soil water retention only. However, despite the high intensity of Storm 3, the FOS above the water table remained larger than 1.0 under the steady-state infiltration conditions, which is consistent with observations that the slope remained stable throughout the period of monitoring. Fig. 10 shows the results for the lower-intensity storm, which illustrate the compounding effects of air entrapment on both soil water retention alone and on soil water retention and hydraulic conductivity. Compared with the results for the nonhysteretic scenario, the significant increase in suction stress due to air entrapment is obvious, particularly when accounting for the influence on hydraulic conductivity, which caused the suction within the colluvial soil to increase from approximate −11.0 kPa to nearly zero values. The corresponding minimum FOS for the scenario with effects on hydraulic conductivity was 1.03, which occurred at a depth of 0.6 meter below the ground surface. In contrast, the minimum FOS for the hysteretic scenario without the effects on hydraulic conductivity was 1.32 and occurred at a depth of approximately 0.9 m; for the nonhysteretic scenario the minimum FOS within the colluvial soil layer was 1.83 and occurred directly at the bedrock interface. Whereas the comprehensive effects of air entrapment greatly decreased slope stability even for the lower-intensity storm, the results are still consistent with observations that the monitored hillslope remained stable.
Summary and Conclusions
The authors combined the generalized effective stress framework with the SWRC and the SSCC to examine the various effects of hydraulic hysteresis on slope stability using the infinite slope method under steady infiltration. The authors considered four scenarios with and without the effects of hysteresis, including (1) no hysteresis with soil water retention described only by the initial drying curve, (2) capillary effects with distinct wetting and drying curves for soil water retention, (3) capillary and air entrapment effects on wetting and drying curves for soil water retention, and (4) capillary and air entrapment effects on soil water retention plus the influence of entrapped air on hydraulic conductivity. The authors considered depth profiles of suction stress and FOS for representative sandy and silty soil types on hypothetical hillslopes with high and low infiltration rates. The authors also applied the same methods for a third colluvium-mantled hillslope with rainfall intensities and hydromechanical properties based on field observations and laboratory measurements for a landslide monitoring site in the San Francisco Bay Area, California.
The results for the two hypothetical hillslopes show that the suction stress profile and the corresponding FOS calculations are strongly affected by capillary hysteresis and air entrapment, especially for the silty soil slope. These results also indicate that hysteresis and particularly air entrapment may be an important factor contributing to the occurrence of landslides in partially saturated silty or sandy soils, which strengthens the theoretical explanation for previous field observations of this phenomena (Godt et al. 2009 ). Moreover, the depth range of shallow failure zones can be substantially enlarged due to the effect of air entrapment on water retention and especially hydraulic conductivity. The results for the hypothetical hillslope with representative soil covers and steady infiltration rates highlight the importance of considering not just the capillary effects on soil water retention, but also the major influence of air entrapment. In general, the effects of air entrapment on soil water retention and hydraulic conductivity have been largely ignored in previous slope stability assessments. The results for the hillslope monitoring site corroborate the importance of considering hysteresis when assessing slope stability for realistic field conditions. Overall, the results for various slopes, soil properties, and storm intensities indicate that ignoring the comprehensive effects of hydraulic hysteresis due to both capillarity and air entrapment may result in substantial underestimates of landslide potential for a broad range of environmental conditions.
